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@ Radio frequency induction heating device.

@ A radio frequency induction heater (1, 5, 9) for locally
heating a metallic work piece. The induction heater compris-
es an elongated conductor (2, 6, 10) surrounded by a core (3,
7. 11) of magnetic material having a narrow slot {4, 8, 12)
formed therein serving as the inductor core air gap. The
conductor is connected across a source of radio frequency
current. The induction heater is located adjacent the metallic
work piece (13) with the inductor core air gap very near (and
preferably in contact with) that portion of the metallic work
piece to be heated. When the radio frequency current is
caused to pass through the conductor, the gap concentrates
the flux entering the work piece, inducing voltages in the
work piece resulting in eddy currents which flow in the work
piece along and parallel to the gap. This, in turn, resuits in
the rapid local heating of a narrow band of the work piece.
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RADIO FREQUENCY INDUCTION HEATING DEVICE

The invention relates to a radio freguency induction
heating device, and more particularly to a radio fre-
quency induction heater capable of heat treating or
annealing one or more narrow bands of a metallic work
piece.

The radio frequency induction heating device of the
present invention has many and varied applicétions. For
example, it could be used to heat treat a narrow portion
of a machine tool, such as a cutter or the like, to
harden that portion of the tool.

A commonly assigned application filed concurrently
herewith, and entitled LOCAL ANNEALING TREATMENT FOR CUBE-
ON-EDGE GRAIN ORIENTED SILICON STEEL, teaches a local
annealing treatment for both regular and
high-permeability cube-on—-edge grain electrical steels to
improve the core loss thereof. According to this co-pend-
ing application, at some point in the routing of such
electrical steels, after at least one stage of cold roll-
ing and before the final high temperature anneal during
which secondary grain growth occurs, the electrical steel
is subjected to local annealing across its rolling direc-—
tion, resulting in bands of enlarged primary grains. The
bands of enlarged primary grains regulate the growth of
the secondary cube-on—-edge grains in the intermediate un-
annealed areas of the electrical steel strip during the
final high temperature anneal. The enlarged primary
grains of the annealed bands are, themselves, ultimately
consumed by the secondary grains resulting in a cube-on-

edge grain oriented electrical steel with smaller second-
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ary grains and reduced core loss. i

A commonly assigned application filed concurrently
herewith and entitled LOCAL HEAT TREATMENT OF ELECTRICAL
STEEL, discloses a process for improving the core loss of
magnetic material of the type having a plurality of
magnetic domains of such size that refinement thereof
would produce significant core loss improvement. The
magnetic material (such as cube-on-edge regular grain
oriented silicon steel strip, cube-on-edge high-permeabil-
ity grain oriented silicon steel strip and cube-on-face
silicon steel strip) is subjected to a local heat treat-
ment to produce parallel bands of heat treated regions
extending substantially transverse the rolling direction
of the magnetic material, with regions of untreated areas
therebetween. The heat treatment alters the microstruc-
ture within the locally heat treated bands or regions,
thereby regulating the size of the magnetic domains. The
local heat treatment step is followed by an anneal result-
ing in improved core loss of the magnetic material. 1In
an exemplary application to regular grain oriented sili-
con steel or high-permeability grain oriented silicon
steel, the finished and finally annealed electrical
steel, having a mill glass, an applied insulative
coating, or both thereon, is subjected to local heat
treatment wherein the heat treated bands are brought to a
temperature above about 800°C in less than 0.5 seconds
(and preferably in less than 0.15 seconds). The locally
heat treated strip is then annealed at a temperature of
from 800°C to about 1150°C for a time of less than two
hours. The improved core loss is permanent and is
achieved without damage to the mill glass or applied
insulative coating.

The radio freguency induction heater of the present
invention can be used in the practice of the teachings of
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both of the above mentioned concurrently filed
applications and their teachings are incorporated herein
by reference. While the induction heater of the present
invention can be used to perform any appropriate heat
treatment or annealing step, for purposes of an exemplary
showing it will be described in its application to
locally annealing a silicon steel strip during the
routing thereof as taught in the first mentioned
application and in its application as a device to locally
heat treat fully developed cube-on-edge or cube-on~face
silicon steels, as taught in the second of the above
mentioned applications. Therefore, when used herein and
in the claims, terms such as "locally heating" should be
construed broadly enough to cover both a local anneal and
a local heat treatment.

The radio frequency induction heating device of the
present invention is especially suitable for local anneal-
ing or heat treating in'high speed commercial applica-
tions, owing to the nature of the high fregquency cur-
rents, the high power outpuf available and the electrical
efficiencyQ The induction heater is simple in construc—
tion, having a lower first cost than many other heating
systems. It is more energy efficient, potentially safer
and easier to maintain than other heating systems, such
as laser systems or the like.

According to the invention, there is provided a radio
frequency induction heater for locally heating a metallic
work piece, said induction heater comprising an
electrical conductor, and an elongated core of magnetic
material surrounding said conductor, characterized by a
narrow slot in said core extending longitudinally thereof
and comprising an inductor core air gap, said conductor
being connectable across a source of radio frequency
current whereby when a metallic work piece is located

ad jacent and preferably in contact with said core

.
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adjaéent said gap and a radio frequency current is passed
through said conductor a narrow band of said work piece
is heated by induced eddy currents.

In use, the induction heater is located adjacent the
metallic work piece with the inductor core air gap very
near (and preferably in contact with) that portion of the
metallic work piece to be heated. When a radio frequency
current is caused to pass through the conductor, the gap
concentrates the flux entering the work piece. This
induces voltages in the work piece resulting in eddy cur-
rents which flow in the work piece along and parallel to
the gap. As a consequence, rapid local heating of a nar-
row band of the work piece occurs.

The radio frequency current may range from about
10kHz to about 27MHz. It will be understood by one
skilled in the art that the minimum frequencr is deter—
mined by the work piece thickness, while the maximum fre-
quency is determined by the degree of eddy current-pene-
tration of the. work piece required. Both the conductor
and thé core may have any appropriate cross sectional
configuration. The conductor, t%e core, or both may be
£luid cooled, as will be described hereinafter. The core
is made of magnetic material and should be so constructed
as to limit eddy currents therein. Thus, the core could
be laminated of electromagnetic silicon steel or, prefer—
ably, could be made of a high resistivity magnetic mate-
rial, such as ferrite.

When it is desired to produce a plurality of spaced,
substantially parallel annealed or heat treated bands
across an electrical steel strip (as is the case in the
above mentioned co-pending applications), the induction
heater is so located as to extend across the strip, and
the strip is moved in the rolling direction. The indivi-
dual annealed or heat treated bands are the result of

pulsing the radio fregquency current fed to the induction
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heater. It would also be within the scope of the present
invention to produce the parallel spaced annealed bands
in the strip by continuously passing the alternating cur-—
rent through the conductor and rotating the ferrite core.
Under these circumstances, the core could have more than
one gap. As yet another alternative, a plurality of
induction heaters could be located in the peripheral por-
tion of a foll, being evenly spaced about the roll with
the inductor core air gap of each induction heater being
located at the peripheral surface of the roll. As the
electrical steel strip is drawn along the roll and the
roll is rotated, each .induction heater would be energized
when its inductor core air gap is adjacent or in contact
with the strip.
Reference is made to the accompanying drawings

wherein:

Figure 1 is a fragmentary perspective view of one
embodiment of the induction heater of the present inven-

tion. .

Figure 2 is a fragmentary perspective view of another
embodiment of the induction heater of the present inven-—
tion.

Figure 3 is a fragmentary perspective view of an
induction heater of the present invention in its applica-~
tion to the provision of parallel spaced annealed or heat
treated bands on a strip of electrical steel.

Figure 4 is a fragmentary end elevational view of the
structure of Figure 3. '

Figure 5 is a semi~diagrammatic end elevational view
of a roll carrying a plurality of induction heaters of
the present invention to provide parallel spaced annealed
or heat treated bands on a strip of electrical steel
passing thereunder.

Reference is first made to Figure 1 wherein an embodi-

ment of the induction heater of the present invention is

!
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generally indicated at 1. The induction heater 1 com-
prises a conductor 2 and a surrounding, elongated core 3.
The conductor 2 may be of any appropriate current conduc-
ting material, such as copper, aluminum or the like. The
core 3 is formed of a plurality of electrically insulated
laminations made of an appropriate magnetic material such
as electromagnetic silicon iron. The thickness of the
laminations is.exaggerated in Figure 1 for purposes of
clarity. By fabricating the core 3 of relatively thin
laminations, eddy currents in the longitudinal directions
of core 3 are greatly minimized relative to those induced
in the work piece. The core 3 has a longitudinal slot 4
which constitutes the inductor core air gap which will be
discussed in greater detail hereinafter. 1In such a struc-
ture, the conductor should be electrically insulated from
the laminations by any appropriate means, such as an air
gap as shown in Figure 1, to assure that there is no dir-
ect current path to the work piece to be heated. _.

In Figure 2, a second embodiment of the induction
heater of the present invention is generally indicated at
5. This embodiment also comprises a conductor 6 and a
longitudinally extending, surrounding core 7. Again, the
conductor 6 can be of any appropriate current conducting
material, such as copper or aluminum. In this instance,
however, the core 7 is made of a ferrite material. By
its very nature (i.e. high volume resistivity), ferrite
material will minimize eddy currents in the longitudinal
directions of core 7. The core 7 is also provided with a
longitudinal slot 8 constituting the inductor core air
gap. In this embodiment, the conductor is preferably
electrically insulated by appropriate means from the core
although some ferrite materials may have sufficient resis-
tance to make this unnecessary.

The cores 3 and 7 may have any cross sectional config-
uration, such as circular, oval, rectangular, square, and
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the like. The same 1is true of conductors 2 and 6. To
demonstrate this, core 3 is illustrated as having a rec-
tangular cross sectional configuration while core 7 is
shown as having a circular cross section. Similarly, con-
ductor 2 is illustrated as having a square cross section
while conductor 6 is shown having a circular cross sec-
tion. _ )

In the embodiments of Figures 1 and 2, the conductors
2 and 6 are each connected across a source of radio fre-
quency current (not shown). The radio frequency current
may range from about 10kHz to about 27MHz.

The ferrite core 7, characterized by a high volume
resistiviﬁy and a moderately high permeability, is pre-
ferred over the laminated core 3. In some instances,
when the current value is high, it is desirable to cool
the conductor, the core, or both, to prevent excessive
heating or melting. To this end, the conductor, the
core, or both, may be fabricated in such a way that water
or other cooling_fluid'may be circulated therethféugh.

To illustrate this, conductor 6, for example, is shown as

being tubular in Figure 2. The core could be cooled by
air jets or other appropriate means.

The operation of the embodiments of Figures 1 and 2
is substantially identical for both. Thus, a description
of the opefation of the embodiment of Figure 2 can be con-
sidered to be a description of the operation of the
embodiment of Figure 1 as welll

When a radio frequency current is passed through con-
ductor 6, magnetic flux will be induced in core 7. Air
gap 8, however, constitutes an interruption of the magne-
tic circuit of core 7. The flux tends to Jjump gap 8 and,

in so doing, tends to flair outwardly of the core 7 at

- —— b e ks

gap 8. As a result, air gap 8 tends to concentrate the
flux along a finite path. When a metallic work piece is

located adjacent (and preferably in contact with) gap 8,
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some of the flux at the gap will enter the metallic work
piece inducing eddy currents therein. Adjacent the gap,
these eddy currents flow alternately in both directions
parallel to gap 8. Local annealing or heat treating
occurs in the work piece due to these induced eddy cur-
rents therein and the electrical resistivity of the -work
piece. . ' .

The shape and length of the locally annealed or heat
treated region of the work piece is influenced by the
high frequency induction heater design, including the
width of gap 8 in core 7, the proximity of the work piece
to gap 8, in addition to the current magnitude and fre-
quency and the treatment time. TFor example, the closer
the work piece is to gap 8, the more efficient the heat-
ing operation is. For this reason, it is preferred that
the work piece actually contacts core 7 at gap 8. Gap
size determines the width of the magnetic field penetra-
tion of the work piece and thus the width of the ‘lieated
region of the work piece. The narrower the gap, the less
will be the width of the heated region of the work piece.
Conversely, the wider the gap, the greater will be the
width of the heated region of the work piece. Similarly,
the greater the treatment time, the greater the width and
depth of the heated region of the work piece. The
shorter the treatment time, the narrower and shallower
will be the heated region of the work piece. The depth
of the heated region is also determined by the freguency.

For purposes of an exemplary showing, Figures 3 and 4
illustrate the application of an induction heater of the
present invention to the practice of the inventions
taught in the above identified co—-pending applications.
In Figures 3 and 4, the induction heater of the present
invention is generally indicated at 9 and comprises a con-
ductor 10 and core 11 of ferrite material. The core 11

has an inductor core air gap 12 formed therein. The
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induction heater 9 differs from induction heater 5 of
Figure 2 only in that the conductor 10 (which again may
be of copper, aluminum or the like) is shown as a solid
conductor, rather than as a tubular conductor as in Fig-
ure 2. Figures 3 and 4 also illustrate a strip of elec-
trical steel 13 ﬁaving a rolling direction indicated by
arrow RD. The electrical steel strip 13 is being drawn
over the induction heater 9 in the rolling direction and
in contact with core 11 at air gap 1l2.

In the practice of the teachings of the first men-~
tioned co-pending application, the electrical steel strip
13 comprises a regular grain oriented silicon steel or a
high~-permeability grain oriented silicor steel prior to
the final high temperature anneal during which the cube-
on-edge orientation is achieved by secondary grain.
growth. The teachings of the first mentioned co-pending
application are based on the discovery that if at some
point in the routing of such electrical steels, after at
least one stage of cold rolling and before the final high
temperature anneal during which secondary grain growth
occurs, the electrical steel is subjected to local
annealing across its rolling direction, the parallel
locally annealed bands of the steel strip will have
enlarged primary grains. If the primary grains in the
annealed bands are at least 30% and preferably at least
50% larger than the primary grain size in the unannealed
areas between the annealed bands, the bands of enlarged
primary grains will regulate the growth of the secondary
cube-on-edge grains in the intermediate unannealed areas
of the electrical steel strip during the final high
temperature anneal. The enlarged primary grains of the
annealed bands are, themselves, ultimately consumed by
the secondary grains, resulting in a cube-on-edge grain
oriented electrical steel with smaller secondary grains

and reduced core loss. In Figure 3, the annealed bands
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are indicated by broken lines at 14. The intermediate
unannealed areas are indicated at 15. The annealed bands
have a length in the rolling direction (RD) indicated as
(x). The unannealed areas have a length in the rolling
direction (RD) indicated as (X). The length (x) of the
annealed bands 14 should be from about 0.5mm to about
2.5mm, while th€ length (X) of the unannealed regions 15
should be at least 3mm.

The narrow, parallel, annealed bands 14 are produced
by causing the strip 13 to move in the direction of arrow
RD. The individual annealed bands are the result of
pulsing the radio fregquency current fed to conductor 10.
The same result, with the required spacing (X) between
the annealed bands 14 could be achieved by maintaining
the radio frequency current in conductor 10 constant -
while rotating core 11 at an appropriate rate. Under
these circumstances, the core 11 could be provided with
more than one gap 12.

It has been found that the desired parameters taught
in the first mentioned co-pending application can be
achieved using an air gap 12 of from about 0.076 to about
2.5mm in width. Current frequencies of from abou; 10kHz
to about 27MHz can also be used. To maintain strip flat-
ness, the strip must be maintained under pressure in
excess of 2.5MPa during the local annealing step. This
can be accomplished by maintaining pressure on strip 13
between core 12 and a supporting surface (not shown)
located above the strip.

As indicated above, Figures 3 and 4 can also be used
to illustrate the practice of the teachings of the second
mentioned co-pending application above. The teachings of
the second mentioned co-pending application are based on
the discovery that the core loss of cube—-on-edge regular
grain oriented silicon steel strip, cube-on-edge high-

permeability grain oriented silicon steel strip, or cube-
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on-face silicon strip can be improved if the strip, char-
acterized by a plurality of magnetic domains and fully
developed magnetic characteristics, is subjected to a
local heat treatment to produce parallel bands of heat
treated regions extending substantially transverse the
rolling direction RD of the strip with regions of un-
treated areas therebetween. The heat treatment alters
the microstructure within the locally heat treated bands,
thereby regulating the size of the magnetic domains. The
local heat treatment step is followed by an anneal result-—
ing in improved core loss of the magnetic material.

Thus, strip 13 in Figures 3 and 4 may be considered
to represent one of the above listed electrical steels
characterized by a plurality of magnetic domains and hav-
ing fully developed magnetic characteristics. The bands
14 in this instance represent heat treated bands with
untreated areas 15 therebetween.

In the practice of the second mentioned co-pending
application, the length (x) of bands 14 should be less
than 1.5mm and preferably less than 0.5mm. The length
(X) of the untreated regions in the rolling direction RD
should be at least 2mm. Treatment times range from about
0.26 seconds to about 0.15 seconds or less. Current os-
cillating freguencies of from about 10kHz to about 27MHz
can be used with success. The heat treated bands 14 are
brought to a temperature above about 800°C. Again, the
gap 12 should have a width of at least about 0.076mm.

The heat treated bands 14 are produced in any of the
ways described above with respect to the first mentioned
co-pending application and, again, to maintain strip flat-
ness, the strip should be maintained under a pressure in
excess of 2.5MPa during the heat treatment, as described
with respect to the first mentioned co-pending applica-
tion. The length (X) of the untreated regions in the
rolling direction RD should be at least 2mm.

R,

B
B
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Figure 5 illustrates another embodiment of the pre-
sent invention by which the teachings of either of the
above mentioned co-pending applications can be practiced,
producing in a strip 13 of electrical steel a plurality
of annealed or heat treated bands 14 separated by un-
treated regions 15. 1In this emﬁodiment, a roll 16 is

. provided. The roll 16 may be made of any non-magnetic,

electrically non—-conductive material. Near its peri-
Pheral edge, the roll 16 has a plurality of heating ele-
ments 9 mounted or embedded therein. The heating ele-
ments 9 are shown to be identical to the heating element
9 of Figures 3 and 4. They could, of course, be identi-
cal to heating elements 1 and 5 of Figures 1 and 2. Each
heating element comprises a conductor 10 and a ferrite
core 11 having an inductor core air gap 12 therein. The
air gap of each induction heater 9 lies at the periphery
of roll 16 and extends longitudinally of the roll. The
induction heaters 9 are evenly spaced about roll 16 by a
distance equivalent to the desired length (X) of the un-
treated spaces 15. The roll 16 is preferably powered to
rotate in the direction of arrow A so as to be synchro-
nized with the line speed of strip 13. When each of the
induction heaters 9 achieve the position indicated at %a
in Figure 5, a radio frequency current will be pulsed
through its conductor 10 to produce an annealed or heat
treated band 14. .

Modifications may be made in the invention without
departing from the spirit of it.
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Claims:
1. A radio frequency induction heater for locally
heating a metallic work piece, said induction heater
comprising an electrical conductor, and an elongated core
of magnetic material surrounding said conductor, charac-
terised by a narrow slot in said core extending
longitudinally thereof and comprising an inductor core
air gap, said qonduétor being connectable across a source
of radio frequency current whereby when a metallic work
piece is located adjacent and preferably in contact with
said core adjacent said gap and a radio frequency current
is passed through said conductor a narrow band of said
wrrk piece is heated by induced eddy currents.
2. The structure claimed in claim 1, characterised
in that said conductor is made of copper or aluminum..
3. The structure claimed in claim 1 or claim 2,
characterised by means for cooling at least one of said
conductor and said core.
4. The structure claimed in any of claims 1 to 3,
characterised in that said core is fabricated of
electrically insulated laminations of magnetic material.
5. The structure claimed in claim 4, characterised
in that said core is fabricated of electrically insulated
silicon iron laminations.

6. The structure claimed in any of claims 1 to 3,

characterised in that said core is made of high resistivity

magnetic material.

7. The structure claimed in any of claims 1 to 3,
characterised in that said core is made of ferrite.

8. The structure claimed in any preceding claim,
characterised in that said gap has a width of at least
0.003 inch.

o. The structure claimed in claim 8, :characterised in
that said gap has a width of from about 0.003 to about
0.1 inch.
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10. The structure claimed in any preceding claim,
characterised in that said radio frequency current is

in the range of from about 10kHz to about 2MHz.

11. The structure claimed in any preceding claim
wherein said core is rotatably mounted with respect to
said conductor.

12, The structure claimed in any preceding claim
including a roll and a plurality of said induction
heaters evenly spaced about and mounted in the peripheral
portion of said roll, said roll being made of non-magnetic
and electrically non-conudctive material, said core of
each of said induction heaters extending longitudinally
of said roll parallel to the axis of ssid roll, said gap
of each of said induction heaters being located at the
periphery of said roll.
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